In the present experimental study, two dissimilar sister aluminum alloys, 5083 and 5086, are welded through friction stir welding process. Different experiments are conducted on vertical milling machine through a fixture design and firm holding welding plates on it. These experiments are performed by varying welding parameters including welding speed, rpm, different pin profiles, tool tilt angle at five levels each. Two different mechanical properties of the welded specimen (i.e. tensile strength and percentage of elongation) have been tested and compared with the base metals to find out the joint efficiency. Also it is observed that rpm, tool tilt angle and different pin profiles make significant impacts on friction stir welded joints. Tool rpm increases the tensile strength to an extent. Also, tool pin profile affects the stirring or plastic flow of material under tool shoulder. It is shown through visual and optical analysis that surface finish and weld quality of joints depend on tool tilt angle.
Introduction
Friction stir welding (FSW) is a relatively new technique for joining metals as well as composites. Friction stir welding has received a great deal of attention as a new and easy way to weld wide range of materials without any environment hazard outputs. This welding uses a rotating tool to deform or stir the joining materials simultaneously without melting of these materials. Friction Stir Welding is rapidly accepted all over the world in such a small lap of time after its development in 1991 by The Welding Institute (TWI) at UK. The main cause behind this rapid growth is its ability to consistently produce high quality welds with low distortion, even in materials considered un-weldable by conventional techniques (Mishra & Ma, 2005; Vural et al., 2007 , Rhodes et al., 2010 . In addition, the accompanying reductions in weld inspection and re-weld procedures can also provide significant cost benefits. Due to solid state welding the defects that commonly occur in fusion welding are evaded. The 126 reduced heat generation with respect to the fusion welding also results in a reduction in residual stress in the joints. Therefore, different aluminum alloys which cannot be easily welded through fusion weld can be friction stir welded without voids, cracking or very less distortion. Moreover, this process can be used successfully for joining dissimilar materials (Fotouhi et al., 2014; Akbari Mousavi et al., 2012; Abdi Behnagh et al., 2012) .
Friction stir welding is a solid state welding, therefore, residual stress plays a significant role on joint strength. During friction stir welding, stress is induced and residual stress in stirring zone is due to the rotational and the transverse speed of the tool (Steuwer et al., 2006) . Maximum tensile strength of the joint is obtained at lower transverse speed of the tool. Also higher joint strength can be achieved as the penetration depth of the tool pin in friction stir welding of the aluminum alloy is increased (Uzun et al., 2005) . When FSW is applied to high load bearing components then joint strength is a critical parameter and must be improved as per previous reports (Kim & Jang, 2006; Khorrami et al., 2012; Cavaliere, 2013; Rajakumar et al., 2011; Aliha et al., 2016) . The effect of tool geometry on the welding strength is an important factor to study. Over the changing needs, numerical methods are used for analysis and micro structural study of the friction stir welding (Peel et al., 2003; He et al., 2014) . RajKumar et al. (2014) investigated the influence of shoulder design for dissimilar aluminum alloys. In this research, the friction stir welding of two Al 5xxx series is performed experimentally and the influence of process parameters on the mechanical properties of the weldment is investigated.
Experimental setup
Experimentation is performed through the One Factor at a Time (OFAT) technique. Here four factors of rpm, tool tilt angle, welding speed/feed rate and tool pin profile are investigated. In this technique, one factor is varied at different levels and other factors or parameters are fixed at their average levels. Twenty pilot experiments are conducted for selection of the limit or range of different factors. Friction stir welding of two dissimilar aluminum alloys is carried out on vertical milling machine. The specifications of the machine tool are given in Table 1 . According to welding workpiece dimensions, a fixture of cast iron is designed and manufactured for holding the work piece plates. It restricts three dimensional movements of two work pieces as shown in Fig. 1 . The fixture has been given variable space dimensions arrangement for holding two equal thickness pieces for the future use. Two grades of Aluminum Alloy 5086 H116 and 5083 H321 are used for the experimentation as shown in Fig. 2 . Each aluminum alloy plate is 6 mm thick and chemical composition is given in Table 2 . Two plates have following dimensions: For AA 5086 dimensions are 100×95×6 mm cube and 100×70×6 mm cube for AA 5083. Both grades are sister alloy of aluminum having small change in properties. AA 5086 is taken at advancing side (AS) and 5083 is taken at retreating side (RS) of the welding. As more heat is dissipated in advancing side so hard material AA 5086 has been taken for this side. A chromium-molybdenum tool made of hot work tool steel H13 is used for the stirring and joining of two aluminum alloy plates. The specification of the tool is given in Table 3 . Five different types of pin profiles are used for the pilot experiments-threaded, square, cylindrical, tapered and triangular.
Parameters for FSW
For the experimentation, a pilot study is undertaken using OFAT technique. Four different parameters-tool rotational speed, tool tilt angle, welding speed, shoulder pin profile-are selected and experimentation is carried out. The welding parameters with different levels are given in Table 4 . The values of welding parameters are chosen according to the maximum range with the constraint of the operating vertical milling machine. Tool pin profile  S1  20  355  3  Square  S2  20  710  3  Square  S3  20  1000  3  Square  S4  20  1400  3  Square  S5  20  2000  3  Square  S6  20  1000  0  Square  S7  20  1000  2  Square  S8  20  1000  4  Square  S9  20  1000  6  Square  S10  20  1000  8  Square  S11  16  1000  3  Square  S12  20  1000  3  Square  S13  40  1000  3  Square  S14  50  1000  3  Square  S15  63  1000  3  Square  S16  20  1000  3  Threaded  S17  20  1000  3  Cylindrical  S18  20  1000  3  Square  S19  20  1000  3  Triangular  S20  20  1000  3  Taper The values of feed and welding speed are taken according to their availability on the used vertical milling machine. Initial heating time or dwell time is kept constant for tool at 8 seconds. Plunge depth 128 is also kept constant at 0.12 mm for all the experiments. Fig. 3 shows different welding plates and the effects of parameters on weld surface quality. Joints numbered 2, 3, 11 and 17 have better visual surface finish as well as strength.
Fig. 3. Different welding joints

Mechanical Properties
Different mechanical properties of the welding joint are studied for the selection of best range of parameter values. Tensile strength, percent elongation and joint efficiency are different parameters of interest for research in this paper.
-Tensile test
Tensile test specimens were tested on UTM and ultimate tensile strength, percentage of elongation and joint efficiency have been evaluated. Tensile specimens were prepared with the direction being perpendicular to the welding direction, so that the weld zone could be located in the middle of the specimen. The tensile tests were performed at a small strain rate on the universal testing machine of H&T Company make. The ultimate tensile strength and the percentage elongation values were recorded. The test specimen is prepared according to ASTM E8 and different dimensional values in mm are shown in Fig. 4 .
Fig. 4. Sample prepared for Universal Testing Machine
After the testing of the specimen the values of tensile strength, elongation and joint efficiency are calculated which are presented in Table 5 . For the joint efficiency the base material strength is taken as the average tensile strength of two aluminum grades. -
SEM Analysis
During the friction stir welding, re-crystallization occurs at nugget zone and transformation of grains is seen at thermo-mechanical heat affected zone (TMAZ) and heat affected zone (HAZ). Fig. 5 shows the weld macrostructure on the joint cross section. During friction stir welding, two materials are intermixed through the stir action of the pin. Onion rings are formed at the surface as shown in Fig. 5 . Sample numbers 13 and 20 exhibit poor joint strength due to micro cracks in the weld joint. At the nugget zone proper mixing of two material and re crystallization make strong bonding but at heat affected zone can lose the base material properties. 
Results and Discussion
Each parameter is assigned five levels keeping other parameters at their average levels and the results of the experiments are reported in table 5. Figure 6 plotted in Minitab v16 shows the value of the tensile strength at all twenty points with different variables. It shows effects of different factors on tensile strength at different levels. For a factor, tensile strength is tested at five levels. Graph plotted in Fig. 7 shows the effect of first parameter (i.e. tool rotational speed) on tensile strength. The tensile strength at level 1 of tool rotational speed (355 rpm) is 195.5 MPa and it increases to 213.3 MPa at level 2 of the parameter. Tensile strength is increasing continuously up to level 3 and then starts decreasing. As the RPM increases, friction heat also increases up to a maximum level. So, value of tensile strength is 274.4 MPa at 1000 rpm. Therefore, the input parameter (tool rpm) has significant impact on friction stir welding strength. The second parameter tool tilt angle has an inverse effect on tensile strength of the friction stir welding joint. As shown in Fig. 8 , tensile strength is 210.2 MPa at first level of tilt angle (zero degree). With increasing tilt angle of the tool from 2 to 8 degree, the value of the tensile strength is decreasing from 203.3 to 152.2 MPa. As the tilt angle of the tool increases, the friction force on the leading edge decreases. The temperature at trailing edge is higher due to which plastic deformation and mixing of materials are uniform. But at higher tool tilt angle pin material fill up is not done properly by tool shoulder and weak welding joint is made. In this way tool tilt angle affects the welding temperature as well as strength of the joint. Therefore value of the tool tilt angle also plays an important role for tensile strength of FSW joint. Third factor, tool feed rate, is also varied from 16 mm/min to 63 mm/min at five different levels. It is revealed from the Fig. 9 that tensile strength drops drastically as the feed rate increases from level 1 to level 3 and then it starts increasing with increasing levels. A 3D surface plot of percentage of elongation versus RPM and feed rate clearly explains that maximum value of elongation is obtained at low feed rate and moderate rpm of the tool (Fig. 12) . When values of feed rate and rpm continuously increase, elongation is also increased but at small rate. This variation of percentage of elongation is due to heat produced at nugget or welding point. Heat produced is higher at low feed rate and, therefore, percentage of elongation is at higher level and vice-versa. Fig. 13 presents the percentage of joint efficiency calculated for all factors at different levels. A 3D surface plot of %efficiency vs RPM and feed rate describes the variations. At low feed rate or low welding speed heat produced is high and, therefore, the semi solid materials intermix very well and strength of the joint is the maximum. In this experimentation maximum welding efficiency is 92.5% as compared to the base material.
Conclusions
Friction stir welding of two different grades of aluminum alloy 5083 and 5086 is performed. The following conclusions have been arrived from the experimentation and testing analysis of the welding joints.
a. Tool pin profile geometry affects significantly the weld quality. There is a change of plastic flow of the material under the tool shoulder with the change of the pin profile geometry. The stir conditions change with cylindrical as well as square pin profile. b. RPM of the tool is strongly related with welding speed/feed rate to give the best ultimate tensile strength. At very low feed rate higher heat is produced at nugget zone to give higher joint efficiency. Higher heat per unit area is produced at welding joint. c. Surface quality of the weld joint depends upon tool tilt angle. As the tool tilt angle increase it gives less flow of semi solid material and fill up of material is also less due to less heat dissipating so that welding defects like flaws, worm holes increase as the tilt angle increases. d. The ultimate tensile strength increases with increasing value of RPM, feed rate and tool tilt angle up to a range and then it starts decreasing. Joint strength is also good at higher tensile strength at the optimum range of 1000 rpm, 2 degree tool tilt angle and minimum value of feed rate.
